ABSTRACT: While feeding food-producing animals with microalgae was investigated several decades ago, this research has been reactivated by the recent exploration of microalgae as the third generation of feedstocks for biofuel production. Because the resultant defatted biomass contains high levels of protein and other nutrients, it may replace a portion of corn and soybean meal in animal diets. Our laboratory has acquired 4 types of full-fat and defatted microalgal biomass from biofuel production research (Cellana, Kailua-Kona, HI) that contain 13.9 to 38.2% crude protein and 1.5 to 9.3% crude fat. This review summarizes the safety and efficacy of supplementing 2 types of the biomass at 7.5 to 15% in the diets of weanling pigs, broiler chicks, and laying hens. Based on their responses of growth performance, egg production and quality, plasma and tissue biochemical indicators, and/or fecal chemical composition, all 3 types of animals were able to tolerate the microalgal biomass incorporation into their diets at 7.5% (on as-fed basis). Holistic analysis is also provided to explore the global potential of using the defatted microalgal biomass as a new feed ingredient in offsetting the biofuel production cost, reducing the dependence on staple crops such as corn and soybeans, decreasing greenhouse gas production of animal agriculture, and developing health value-added animal products.
INTRODUCTION
Global population is anticipated to increase from 7 to 9 billion by the mid century (U.N. Secretariat, 2006) . This anticipation, along with an accelerated urbanization, has led to a projected increase of annual meat production from 218 million t in 1999 to 376 million t by 2030. Consequently, this projected increase will require a 44, 132, and 75% increase in the world's pork, chicken, and egg production, respectively, over this period (Bruinsma, 2003) . Consequently, there will be a large increase in the need for animal feeds. Traditionally, corn and soybean meal (SBM) represent 2 major ingredients in animal diets to meet their energy and protein requirements. Approximately, 35% of the world consumption of cereal is used as feed for food-producing animals (Bruinsma, 2003) . Because corn and soybeans are 2 staples for human diets, their massive use in animal feeding creates a direct competition with human consumption. Currently, the world production of soybeans is approximately 28 million t of oil equivalent. To keep up with the food demand, soybean production will need to increase 110% by 2030 (Bruinsma, 2003) . This translates to an increase of 32 million ha of harvested area for soybeans alone (Bruinsma, 2003) , which is roughly equal to the size of the state of New Mexico. Unfortunately, increasing harvestable cropland is unrealistic because global cropland is rapidly declining due not only to soil erosion and desert expansion but also increased residential, industrial, and recreational uses (Brown, 2004) . Apparently, the world may not afford to continue the use of large quantities of corn and SBM in animal feeding for the sake of human food security. Alternative ingredients should be explored to replace them or other major cereals in animal rations to sustain the current growth in animal production.
A NEW JUNCTION OF FEED, ENVIRONMENT, AND BIOFUEL
Crops for animal diets are grown on arable land often requiring fresh water irrigation and typically chemical fertilizers, both of which impose a substantial degree of environmental liability (Tilman et al., 2002) . Oftentimes, intensive animal agriculture may cause pollutions to the surrounding habitats and ecosystems in the form of excess manure phosphorus and nitrogen (Bourgeois, 2012) . In the United States, a minimum of 120 million t of manure is generated annually (Burkholder et al., 2007) , entering the surrounding atmosphere, water, and soil by means of volatilization, runoff, and leaching (Tilman et al., 2002) . Animal agriculture contributes to 18% of all anthropogenic greenhouse gas emissions and 65% of all anthropogenic nitrogen released into the atmosphere (Steinfeld et al., 2006) , causing acidification of nonagricultural ecosystems and the development of acid rain (Heederik et al., 2007) . Nitrogen runoff that enters either coastal or fresh waters results in eutrophication, which diminishes the quantity and diversity of ecosystems (Mallin and Cahoon, 2003) . The challenge arises to improve the sustainability of animal agriculture while intensifying its practices to feed an imminent increase in global population and diminishing food competition between humans and animals without exacerbating its environmental impacts. One such alternative may be replacing corn and SBM in animal diets with microalgae that seem to be more environmentally friendly (Christaki et al., 2011) .
Because the global supply of petroleum continues to decline, renewable fuels have been explored as alternative energy sources. Biofuel production has shown its promise of harnessing adequate energy while reducing greenhouse emissions. Corn and other crops that produce sugars and vegetable oils were used to produce the first generation of liquid biofuel whereas lignocellulosic biomass or woody crops became the feedstocks for the second generation biofuel (Schenk et al., 2008) . However, there were major limitations associated with these first 2 generations of biofuel production. Therefore, microalgae have recently gained popularity as feedstocks for the third generation of biofuel production. They demonstrate rapid growth rate, rich oil content (Chisti, 2007) , strong ability to sequester CO 2 , and rapid conversion of CO 2 into a reusable biomass such as methane or hydrogen (Li et al., 2008; Mostafa, 2012) . Because the defatted microalgal biomass contains significant amounts of protein, carbohydrates, and other nutrients after the oil extraction (Becker, 2004; Chisti, 2007; Brune et al., 2009; Shields and Lupatsch, 2012) , it can be an excellent replacement of conventional ingredients in animal diets. Therefore, the fuel and feed dual application of microalgae stands as a propitious mediator to reshape the junction between intensifying animal agriculture and our unmet needs for global renewable energy, food, and environmental sustainability.
CHEMICAL COMPOSITION OF MICROALGAE
The CP contents in a variety of species of algae range from 6 to 71% of DM (Becker, 2007) . The CP of the microalgae used in our laboratory ranges from 13.9 to 38.2%, which is 30 to 80% of that in the SBM but 0.9 to 4.2-fold greater than that in corn (Fig. 1 ). The precise inclusion of microalgae and ratio of corn and SBM replacement should be tailored for each production species to maximize the benefit. It also must be noted that about 10% of the nitrogen found in microalgae consists of nonprotein nitrogen, including nucleic acids, amines, glucoasamides, and nitrogen-containing cell wall components (Becker, 2007) . Therefore, the protein content Compared with those levels in soybean meal, the microalgal biomass had greater levels of ether extract (EE), ADF, NDF, Ca, ash and Na. Compared with those levels in corn, levels of all nutrients in the microalgae biomass were greater. DFA = defatted diatom microalgae biomass (Staurosira spp.); WFA = whole-fat diatom microalgae (Staurosira spp.); DGA-1 = defatted green microalgae biomass species 1 (Desmodesmus spp.); DGA-2 = defatted green microalgae biomass species 2 (Nannochloropsis oceanica spp.). of microalgae alone is not regarded as the major argument to propagate their use in animal feeds. Its nutritional quality depends on AA profile and availability (Becker, 2004) . The AA profile of various microalgal species compares favorably with conventional protein sources. The content of the essential and typically limiting AA for microalgae, relative to those in corn and SBM, are shown in Fig. 1 . Lysine, the first limiting AA in typical swine corn-SBM-based diets, ranges from 0.57 to 2.27% in the microalgae, compared with 0.26 and 3% in corn and SBM, respectively. The green microalgae had good amounts of methionine, threonine, and tryptophan.
The crude fat of microalgae used in our laboratory ranges from 1.5 to 9.3%, compared with 1.3 and 3.3% in SBM and corn, respectively. Notably, marine microalgae contain greater amounts of the omega-3 (n-3) fatty acids, eicosapentaenoic acid (EPA), and docosahenaenoic acid (DHA) compared with conventional animal protein sources (Fredriksson et al., 2006; Kalogeropoulos et al., 2010) . Microalgae also contain naturally occurring carotenoids that may help the n-3 fatty acid stabilization (Barclay et al., 1994) . The 4 microalgal products contain very high levels of sodium and good levels of phosphorous. The diatom microalgae contain high levels of ash and calcium whereas the green microalgae contain high levels of ADF and NDF (Fig. 1) .
MICROALGAE ON ANIMAL NUTRITION AND HEALTH
Algae incorporation into animal diets has been investigated for decades (Grau and Klein, 1957) . Approximately one-third of the current world supply of algae is used in animal feeds (Belay et al., 1996) . Despite that, the potential of defatted microalgal biomass generated from the biofuel production in animal feeding remains scant in the literature. Our laboratory has conducted a series of experiments to determine effects of the defatted microalgal biomass in diets of weanling pigs, broilers, and laying hens. Our initial objectives were to find out 1) if it was nutritionally feasible and physiologically safe to feed these animals with the microalgal products from the biofuel production research facility, 2) what were the maximal dietary replacements of corn and SBM with the microalgal products, and 3) how the microalgal supplements affected growth performance, plasma biochemical status, chemical composition of excreta, and/or quality of animal product. Our preliminary findings are summarized in Fig. 2 .
Swine
Initially, the feasibility of algae as a protein supplement was evaluated in growing-finishing pigs fed a barley and fishmeal-based diet supplemented with up to 10% (on an as-fed basis) of sewage-grown Chlorella spp. and Scenedesmus spp. (Hintz and Heitman, 1967) . Growth rate and feed conversion efficiency were unaffected in algae-fed pigs compared with those fed the basal diet. When early weaned piglets and sows were fed a diet in which Spirulina maxima replaced up to 12% of the total protein from skim milk and SBM, apparent digestibilities of the diets were reduced without effect on the growth of the piglets (Février and Sève, 1975) . While feed efficiency was improved in the algae-fed pigs, they also supplied 12% less lysine. A greater direct replacement of 33% soy protein in the diets of weanling pigs with either a mixture of S. maxima and Arthrospira platensis or Chlorella spp. showed a similar effect on weight gains to those pigs fed a basal diet as well as an absence of diarrhea, apparent toxicity, or gastrointestinal lesioning (Yap et al., 1982) .
Notwithstanding the repeated establishment of algae as a viable swine feed supplement, little is known about the effects of the defatted microalgal biomass from the biofuel production on the overall growth performance and health of pigs. The first pilot pig study in our laboratory investigated the feasibility and safety of the Staurosira spp. in both lipid-extracted and full-fat biomass forms to directly replace SBM in the corn-SBM diets of weanling pigs for 6 wk (Isaacs et al., 2011) . Either 6.6% of the whole-fat diatom microalgae (WFA) or 7.2% of the defatted diatom microalgae biomass (DFA; provided by Cellana, Kailua-Kona, HI) showed no negative effects on BW gain or overall health status. Biochemical indicators of plasma including urea nitrogen concentration, alanine aminotransferase activity, and alkaline phosphatase activity were not affected by the biomass inclusion in the diets.
We conducted a follow-up study to determine the maximal inclusion levels of the defatted diatom and their effects on plasma lipid profile as well as fecal and plasma mineral levels of pigs. Weanling pigs were fed up to 15% DFA in replacement of a combination of SBM and corn for 6 wk (Lum et al., 2012) . Compared with pigs fed the control diet, the overall ADG and G:F were reduced by 9 and 11%, respectively, in pigs fed 15% DFA or 7.5% DFA to replace the same level of SBM (Fig. 1) . In pigs fed 7.5% DFA to replace a combination of SBM and corn, the G:F was 8% less than the control group. Across all treatment groups, no differences were seen in the ADFI, plasma biochemical parameters including lipid profiles, and predicted body lean yield. As a coproduct of the biofuel industry, the microalgal biomass may contain high levels of ash. Our particular diatom biomass was found to contain 45% ash and high sodium and silica, which might adversely affect the health status and growth performance of pigs by altering dietary electrolyte balance. Additionally, the much lower CP content of the DFA in comparison with SBM (i.e., 19 vs. 47.5%) may have contributed to the depressed growth performance in those fed 15% DFA or 7.5% DFA replacing SBM.
While the plasma biochemical measures of health status showed that pigs fed up to 15% DFA had no signs of toxicity, their fecal and plasma mineral profiles were altered. Fecal Cu, Se, and Zn concentrations in these pigs were less than in the control group of pigs, but their fecal Cr, Ni, Pb, S, Si, Sr, and Ti as well as their plasma Fe and Se concentrations were elevated. The decreased fecal Cu, Se, and Zn in pigs fed the biomass led us to speculate if these reductions were associated with the adverse effects of DFA and if dietary supplementations of these elements alleviated those effects. As such, we conducted a third study, whereby weanling pigs were fed 10% WFA alone or supplemented with 50% more of Cu, Se, and Zn or 2% fumaric acid for 6 wk . Pigs fed 10% WFA alone displayed 7% less ADG and 2% less G:F than pigs fed the control diet. Amenably, the supplementation of fumaric acid alleviated the adverse effects of the WFA whereas the inclusion of Cu, Se, and Zn did not recover the growth losses. Therefore, bioavailability of Cu, Se, and Zn was unlikely a limiting factor in growth performance of these pigs. It is possible that the high ash and sodium contents of the diatom skewed the acid-base balance in the digestive tract and the tissues, and the incorporation of an organic acid might help rescue that skew.
Broiler Chicks
Algae inclusion into poultry diets seems to offer the most promising prospect for industrial applications (Grau and Klein, 1957; Mokady et al., 1979; Becker, 2004) . Early research focused on sewage-grown algae, such as Chlorella (Grau and Klein, 1957; Mokady et al., 1979) , due to its high protein and carotenoid contents. Chicks could tolerate up to 20% of aluminum-free algae meal without impaired growth (Grau and Klein, 1957) . Feeding 10% of Chlorella pyrenoidosa improved feed efficiency and BW gain compared with the basal diet deficient in riboflavin, vitamin B 12 , and vitamin A but decreased growth performance compared with a complete diet (Combs, 1952) .
The inclusions of the blue-green algae Spirulina in diets for chicks demonstrated consistent results: while lower levels of inclusion were tolerated, higher levels led to depressed growth. Toyomizo and colleagues (Toyomizu et al., 2001 ) fed broiler chicks diets containing 0, 4, or 8% Spirulina for a period of 16 d and observed no differences among treatments in BW or relative liver, abdominal fat, kidney, or pectoralis profundus weight. However, broilers fed 12% Spirulina for 41 d grew slower than those chicks consuming Spirulina at lower inclusion levels (Ross and Dominy, 1990) .
As in the case of weanling pigs, our laboratory has studied the inclusion of DFA (Staurosira spp.) into the broiler diets in replacing SBM or a mixture of corn and SBM (Austic et al., 2013, Fig. 1 ). Replacing 7.5% SBM alone or 10% mixture of corn and SBM with DFA resulted in decreased BW gain (P < 0.0001) and feed efficiency (P = 0.11) during wk 0 to 3 but not wk 3 to 6 or the entire 6-wk period. Additionally, broilers fed 7.5% DFA diets replacing SBM alone demonstrated performance characteristics comparable to the controls when the diets were supplemented with essential AA (Met, Lys, Ile, Thr, Trp, and Val) but not a commercial protease or minerals. Therefore, the reduction in growth performance caused by DFA was not due to electrolyte balance or protein hydrolysis but rather a deficiency of 1 or more essential AA.
Because uric acid is the end product of catabolism of AA from food or the turnover of existing body tissues (Hernandez et al., 2012) , plasma or serum uric acid is often used as an indicator of AA utilization (Donsbough et al., 2010) . Plasma uric acid was not altered in male broiler chicks fed a 7.5% DFA-containing diet in replacing SBM compared with those fed the control diet (Austic et al., 2013) . Plasma uric acid was also not affected by the addition of a protease or essential AA in the DFA-containing diets. However, males fed a diet containing 10% DFA in replacing a mixture of corn and SBM had lower plasma uric acid concentrations than females fed the control diet (Austic et al., 2013) . This difference indicates a possible sex and microalgae interaction on plasma uric acid concentrations (Bell et al., 1959) . Overall, little recent research has investigated the full effect of dietary microalgal biomass on broiler protein metabolism.
Male broiler chicks fed the 7.5% DFA-containing diet for 6 wk had no differences in plasma total cholesterol, triglycerides, NEFA, glucose, alkaline phosphatase, or alanine transaminase activity compared with control birds (Austic et al., 2013) , indicating that microalgal inclusion in the diet at this level posed no adverse health effects. However, similar to the results seen by Grau and Klein (1957) , chicks fed the DFA-containing diets had a visually increased volume and wetness of excreta compared with the excreta of control chicks (Austic et al., 2013) . Our ongoing research is evaluating impacts of feeding defatted green microalgal biomass on water intakes of broiler chicks. The relatively high ash content, salt in particular, may increase water intake and excreta volume. The ash content of various microalgae ranges from 6.5 to 41% on an "as-is" basis (Tokuşoglu and Üunal, 2003; Austic et al., 2013) and includes substantial amounts of Na, K, Mg, Fe, and Cl. Extra water intake and excreta output is a potential liability to dietary microalgae inclusion. Further processing of microalgae to reduce their ash content, potentially by washing or other measures, may improve their feeding values.
Laying Hens
Herber and Van Elswyk (1996) supplemented 2.4 or 4.8% golden marine algae to the diet of 24-and 56-wk-old Single Comb White Leghorn hens. Young hens (i.e., 24 wk old) showed transient depression in egg and yolk weight, but old hens did not show any changes in egg traits. Egg production at both ages was not affected by diet. Nutritional value of Chlorella vulgaris, processed by spray drying or spray dried after bullet milled, was also determined (Halle et al., 2009) . During an 8-mo experiment, spray-dried after bullet-milled Chlorella vulgaris (0.75%) supplementation decreased feed intake without affecting laying intensity, egg weight, and feed conversion ratio. Egg yolk weight was increased when spray-dried after bullet-milled Chlorella vulgaris was incorporated into diets with reduction of albumen weight. Yolk color, determined by Roche color fan, was also increased in both spray-dried only and spraydried after bullet-milled Chlorella vulgaris supplemented groups, but there was no dose-dependent effect.
Likewise, we conducted a layer hen study to determine whether DFA (Staurosira spp.) could replace a portion of SBM or a combination of corn and SBM in diets without affecting egg production and quality (Leng et al., 2014) . A total of 100 ISA Babcock White Leghorn laying hens (47 wk old) were randomly assigned to 4 dietary treatments. The 4 experimental diets included a corn-SBM basal diet, the basal diet with 7.5% DFA and the 5 most limiting AA substituting for SBM, and the basal diet with 7.5 or 15% DFA substituting for SBM and corn. During the 8-wk experiment, hens fed 15 but not 7.5% DFA had lower egg production rate (-12%), daily feed intake (-9 g), and plasma uric acid concentration than those fed the basal diet. Feeding the 15% DFA elevated egg albumen weight and height compared with the 7.5% DFA diet, and the 2 levels of DFA produced dose-dependent changes in 3 color measures and 4 fatty acid (i.e., C16:1, C18:1, C18:2, and C18:3) profiles of egg yolk. There were no significant differences in egg weight, shell strength, and shell specific gravity or activities of plasma alanine aminotransferase and alkaline phosphatase among the 4 dietary treatment groups. Altogether, it was feasible to include 7.5% DFA plus AA, in substitution for SBM or for a combination of corn and SBM, in the diets of laying hens for 8 wk without adverse effects on hen health or egg production. Obviously, the 8-wk feeding was a relatively short period to examine the full effect of microalgae on hen egg production and quality. We recently conducted much longer experiments and are currently completing the sample and data analyses.
MICROALGAE "ONLY" BENEFITS
Microalgae may bear species-specific nutrient enrichments for practical applications in both animal and human nutrition. Pigs fed naturally iodine-rich algae, Laminaria digitata, at 5 or 8 mg I/kg feed for 3 mo had up to a 10% greater daily BW gain in comparison with the control group (He et al., 2002) . Meanwhile, iodine was enriched by 45 to 207% in fresh muscle, adipose, heart, liver, and kidney tissues. Consequently, the iodineenriched pork and pig tissues may be used to prevent or alleviate human iodine deficiencies around the world. Interestingly, we observed a 22% increase in plasma iron concentration in pigs fed 15% DFA compared with those fed the control diet as well as marginally significant elevations (P = 0.06) in the packed cell volume and blood hemoglobin of pigs fed 10% WFA . These findings imply that diatom microalgae supplementation may improve the iron status of pigs for hemoglobin synthesis. Because pigs are an excellent model to study human iron nutrition, we are currently following up the potential and mechanism of such improvement in pigs by microalgal supplementation.
Enhancing n-3 fatty acid intake in humans may help reduce risks of chronic diseases including diabetes, hypertension, coronary heart disease, arthritis, and cancer (Daviglus et al., 1997; Albert et al., 1998) . It is also believed that decreasing dietary ratio of omega-6 (n-6) to n-3 fatty acids is beneficial because the ratio in the modern Western diets is >10:1 (Lands, 2005) . These notions have led to enriching n-3 fatty acids and altering the fatty acid profiles of commonly consumed animal foods. Because the average American consumes about 40 kg of broiler chicken and 250 eggs annually (USDA Economic Research Service, 2006), both chicken meat and eggs are excellent candidates for the n-3 fatty acid enrichments. As mentioned previously, marine microalgae contain great amounts of EPA and DHA (Fredriksson et al., 2006; Kalogeropoulos et al., 2010) and many naturally occurring carotenoids to stabilize the n-3 fatty acids (Barclay et al., 1994) . Our laboratory is currently determining if feeding various levels of the 4 types microalgal biomass to broiler chicks and layer hens results in enrichment of n-3 fatty acids, in particular EPA and DHA, and shifts of n-6 to n-3 fatty acids in their meat and eggs.
Commercially available eggs contain relatively greater concentrations of n-6 than those of n-3 fatty acids. A number of studies have been conducted to enrich eggs with n-3 fatty acids through diet manipulations (Kenyon, 1972; Jiang et al., 1991; Jia et al., 2008) . Abril et al. (1999) used fermented Schizochytrium spp. at 0.86, 2.57, and 4.29% inclusion for producing DHA-enriched eggs. The DHA content per egg reached 134 and 220 mg when hens were fed the 0.86 and 4.29% algae diets, respectively. Flaxseed or flaxseed oil is commonly used to produce n-3 fatty acids-enriched eggs. However, the flaxseed products contain mainly α-linolenic acid with little DHA or EPA. Due to low conversion of α-linolenic acid into DHA in poultry, it is hard to produce DHAfortified eggs with the supplementation of flaxseed or flaxseed oil (Van Elswyk, 1997; Gerster, 1998) .
Carotenoids (β-carotene or astaxanthin) are lipidsoluble pigments that are primarily produced within phytoplankton, algae, and plants. Astaxanthin, the main carotenoid in microalgae (Dominguez-Bocanegra et al., 2004) , is a dark-red pigment with stronger antioxidant activity compared with other carotenoids (i.e., 10 times greater than β-carotene and 300 times greater than α-tocopherol). Zahroojian et al. (2011) reported that dietary supplementation of 2.5% (on an as-fed basis) microalgae (Spirulina platensis) produced egg yolk color similar to that by feeding a synthetic pigment. Dietary inclusion of Chlorella (i.e., 1 to 2% on an as-fed basis) increased total yolk carotenoids and color as determined by the Roche color fan (Kotrbáček et al., 2013) .
SUMMARY AND CONCLUSIONS
Collectively, our laboratory has conducted a series of experiments to demonstrate the feasibility of partially replacing dietary corn and SBM with several types of microalgal biomass in diets for weanling pigs, broilers, and laying hens. In pigs, dietary incorporation of DFA up to 15% (on an as-fed basis) or WFA up to 10% (on an as-fed basis) induced no overt toxicity, as shown by plasma biochemistry (i.e., alkaline phosphatase activity, alanine aminotransferase activity, urea nitrogen concentration, lipid profile, blood hemoglobin, packed cell volume, inorganic P, and tartrate-resistant acid phosphatase activity) and body lean yield, similar to those of pigs fed a conventional corn-SBM diet. A diet replacing up to 7.5% corn and SBM showed no adverse effects on BW gain. Male broilers fed 10% DFA (on an as-fed basis) showed lower uric acid than female broilers fed the control diet, indicating a sex-dependent effect of DFA replacement of corn and SBM in the diet of broilers. For laying hens, replacing corn and SBM with 10% DFA (on an as-fed basis) did not affect either the egg production or BW. Therefore, supplementing microalgae, at appropriate levels, into diets for these animals did not produce adverse effect on their performance or overt toxicity.
The U.S. broiler, egg, and swine industries consume around 22 million t of SBM annually (United Soybean Board, 2012) . With an anticipated replacement of 20 to 50% of SBM by microalgae in the diets, it would spare 4.4 to 11 million t of SBM annually for human consumption. Table 1 predicts the potential saving of corn and SBM and harvestable land in the United States if microalgal biomass is added into swine and poultry diets at 5 to 20%.
To improve our understanding of the environmental impact of microalgae as a feedstuff, further research should closely examine the fecal and urinary excreta from animals fed the microalgal biomass. Pigs fed 15% DFA (on an as-fed basis) had greater levels of fecal Cr, Ni, Pb, S, Si, Sr, and Ti at wk 6 than the control group, which may be indicative of a risk for microalgae's trace mineral composition to contribute to heavy metal accumulation or runoff. To alleviate animal agriculture's impact on environment, it is pertinent that we closely monitor and supply animals with the precise amount of nutrients. Despite this, the implementation of a biofuel byproduct as a feedstuff inherently provides an ecofriendly, value-added commodity that would otherwise be considered a leftover industrial waste product. The cultivation of microalgae for biofuel production ultimately harnesses energy while lowering greenhouse gas emissions by replacing fossil fuels and sequestering atmospheric CO 2 . Feed production contributes to 54 to 73% of total greenhouse gases derived from pork production (Basset-Mens and Van Der Werf, 2005) . Because SBM and microalgae produce 721 and 135 g of CO 2 equivalent per kg (Dalgaard et al., 2008; Sander and Murthy, 2010) , respectively, replacement of SBM with microalgae could not only save food for human consumption but also cut down greenhouse effect of animal agriculture.
To date, the production of microalgae for biofuel does not appear to be cost effective albeit it is seemingly advantageous. Based on predicted annual oil yields of cultivated algae, the approximate cost per barrel would amount to US$20 (Demirbas, 2009 ) whereas the average U.S. barrel of oil is selling for over $100 per barrel (Demirbas and Fatih Demirbas, 2011) . However, oil yields from microalgae cultivation have yet to reach this estimated price (Patil et al., 2005) . In the current systems, both the need for water and nitrogen fertilizer in algaculture and the energy expenditure required to process and extract lipids still amount to extensive costs (Pimentel et al., 2004; Pimentel, 2008) .
Both past research and our recent findings in swine and poultry have revealed that the microalgal biomass may indeed serve as a viable and health-value-added feedstuff. Future research will be required to quantify the energy and nutrient bioavailability of various defatted microalgal biomass from the biofuel production and to elucidate biochemical and molecular mechanisms for their nutritional and metabolic functions (Fig. 2) . Feeding the defatted microalgae biomass from biofuel production to poultry and swine will reduce the dependency of the animal industry on corn and SBM, potentially sparing these ingredients and/or their used acreage for alternative applications and lowering greenhouse gas production from animal agriculture. 
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